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Intestineor (CaR) is expressed on intestinal epithelial serosal membrane and in Caco-2
cells. In renal epithelium, CaR expressed on the basolateral membrane acts to limit excess tubular Ca2+
reabsorption. Therefore, here we investigated whether extracellular calcium (Cao
2+) can regulate active or
passive 45Ca2+ transport across differentiated Caco-2 monolayers via CaR-dependent or CaR-independent
mechanisms. Raising the Cao2+ concentration from 0.8 to 1.6 mM increased transepithelial electrical resistance
(TER) and decreased passive Ca2+ permeability but failed to alter active Ca2+ transport. The Cao
2+ effect on TER
was rapid, sustained and concentration-dependent. Increasing basolateral Mg2+ concentration increased TER
and inhibited both passive and active Ca2+ transport, whereas spermine and the CaR-selective calcimimetic
NPS R-467 were without effect. We conclude that small increases in divalent cation concentration elicit CaR-
independent increases in TER and inhibit passive Ca2+ transport across Caco-2 monolayers, most probably
through a direct effect on tight junction permeability. Whilst it is known that the complete removal of Cao2+
lowers TER, here we show that Cao2+ addition actually increases TER in a concentration-dependent manner.
Therefore, such Cao
2+-sensitivity could modulate intestinal solute transport including the limiting of excess
Ca2+ absorption.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Dietary calcium absorption follows a passive, paracellular pathway
in addition to the active, vitamin D-dependent transcellular pathway.
Passive calcium transport occurs down an electrochemical gradient
through enterocyte tight junctions. The active, transcellular compo-
nent of dietary calcium absorption involves apical Ca2+ entry via
transient receptor potential (TRP)V6 and perhaps TRPV5 and Cav1.3,
shuttling of the cation across the enterocyte by calbindin-D9K and
active extrusion across the basolateral membrane by the Ca2+ATPase
(PMCA1b) [1,2].
Under conditions of high dietary calcium intake, absorption is
down-regulated primarily by a fall in circulating 1,25(OH)2D3 levels
[3] which modulates the expression of TRPV6 and calbindin-D9K [4].
This process is controlled by the extracellular calcium-sensing
receptor (CaR) expressed in the parathyroid glands which responds
to the rise in blood calcium levels by suppressing the secretion of
parathyroid hormone (PTH). This results in reduced 1α-hydroxylation
of 25(OH)D3 in the proximal tubule and thus a reduction in the
intestinal expression of the Ca2+ transport machinery. However, it is2, Core Technology Facility, The
M13 9NT, UK. Fax: +44 161 275
d).
ll rights reserved.unclear whether such downregulation would occur rapidly enough to
respond acutely to the rise in calcium absorption during digestion of a
calcium-rich meal.
In addition to the parathyroid gland, the CaR is also expressed on
the basolateral surface of the renal cortical thick ascending limb
(cTAL) where it prevents excessive calcium reabsorption [5]. The CaR
also localizes to the serosal surface of the duodenum and colon,
intestinal regions associated with active calcium absorption [6], and
is expressed endogenously in colon-derived Caco-2 cells [7,8]. Our
aim therefore, was to seek evidence for the existence of a local
feedback mechanism whereby basolateral Ca2+ might directly
regulate either active or passive calcium transport across intestinal
epithelial cells. We employed Caco-2 cells, a cell line derived from
human colon adenocarcinoma, which has been shown to express
CaR [7] and to exhibit both active and passive calcium transport [9].
2. Materials and methods
2.1. Materials
All tissue culture materials were purchased from Invitrogen
(Paisley, UK). Aqueous 45CaCl2 was from Perkin Elmer. The calcimi-
metics NPS R-467 and S-467 were a kind gift from NPS Pharmaceu-
ticals Inc. (Toronto, Canada). All other chemicals were from Sigma-
Aldrich (Poole, Dorset, UK).
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Caco-2 cells (passage 40–60) from the American Type Culture
Collection (LGC Promochem, Teddington, UK) were grown in
Modiﬁed Eagles Medium (MEM) containing 2 mM glutamine and
supplemented with 10% heat-inactivated fetal bovine serum (FBS),
non-essential amino acids (1×), penicillin (50 U/ml) and streptomy-
cin (50 μg/ml) and maintained at 37 °C in 5% CO2. Cells used for
calcium transport studies were seeded (1×105 per well) onto
permeable Snapwell™ ﬁlter inserts (12 mm diameter, 0.4 μm pore
polycarbonate membrane; Costar, Corning, UK). Cell culture media
were changed on alternate days for 21 days, by which time the cells
were assumed to be fully differentiated. For chronic experiments,
treatments were applied on day 19 and experiments were performed
on day 21. Transepithelial electrical resistance (TER) was measured in
situ in the culture plates using an epithelial voltohmeter (EVOM,
World Precision Instruments) prior to experimentation in order to
assess monolayer integrity. Caco-2 monolayers with a TER value
between 300–600 Ωcm2 were used for transport studies.
2.3. Calcium transport studies
Pairs of Caco-2 monolayers grown on Snapwell inserts were
mounted in a two-channel Ussing chamber system (U2500, Warner
Instruments, Hamden, CT) and bathed with a transport buffer (pH 7.4)
containing (mM): 113 NaCl, 5 KCl, 1 MgCl2, 2.8 NaHEPES, 2.2 HEPES
acid, 10 glucose, 25 NaHCO3 and 0.8 CaCl2. The solutions were bubbled
with 5% CO2/95% O2 and maintained at 37°C by a heated water jacket,Fig. 1. Calcium transport across Caco-2 cell monolayers. (A) Cumulative unidirectional Ca2+
direction (B→A; grey line) under control conditions (0.8 mM Cao2+) in day 21 Caco-2
(unidirectional ﬂuxes normalised to proximal bath Ca2+ concentration) for the A→B directi
experiments; ⁎⁎ Pb0.01). The difference between the two values represents the active A→
(TER) measurements taken at 0, 30 and 60 min are shown in panel C (N=10). (D) Appare
48 h, or subjected to lowered temperature (25 °C), compared with the control data (
transiently (FuGENE 6 reagent, Roche Applied Science, Basel, Switzerland) with human C
exposure times.or at 25 °C when attenuating active Ca2+ transport. The volumes of
buffer bathing the apical and basolateral surfaces were 6 ml and 5 ml
respectively in order to maintain a slight excess of hydrostatic
pressure (b1 cm H2O) on the apical side, thereby reducing the risk
that the monolayer became detached from the polycarbonate
membrane. Two pairs of Ag/AgCl pellets bathed in 3M KCl were
linked to the chambers via KCl-agar bridges and acted as voltage-
sensing and current-passing electrodes. These were connected to a
two-channel epithelial voltage clamp ampliﬁer (EC-825, Warner
Instruments, Hamden, CT). During the ﬂux measurements the
electrical potential difference across each ﬁlter was clamped to zero
to nullify its effect on calcium transport. Following a 30 min
equilibration period, 1 μCi of 45Ca was added to one side of each
monolayer and 1 1 ml samples were collected from the other side at
10 min intervals for the determination of 45Ca activity by liquid
scintillation counting. Each sample was replaced with 1 ml of fresh
buffer and the ﬂux measurements corrected accordingly. Two
monolayers were run simultaneously in order to measure unidirec-
tional apical to basolateral ﬂuxes (i.e. active and passive transport) and
basolateral to apical ﬂuxes (i.e. passive transport only) concurrently.
TER values were measured at 0, 30 and 60 min to ensure that
monolayer integrity was maintained during the experiment.
Unidirectional ﬂuxes of Ca2+ were calculated from the rate of
appearance of isotope in the distal bath. Because the total concentra-
tion of Ca2+ in the bath solution varied between and during many of
these experiments, the measured ﬂuxes were normalized to the
concentration of Ca2+ in the proximal bath and are therefore presented
as apparent permeability coefﬁcients rather than as absolute ﬂuxes.ﬂuxes in the apical to basolateral direction (A→B; black line) and basolateral to apical
monolayers (single representative experiment). (B), Apparent Ca2+ permeabilities
on (black bar) and B→A direction (grey bar) are shown (N=5 from three independent
B component of Ca2+ transport (light grey bar). Transepithelial electrical resistance
nt Ca2+ permeabilities of monolayers treated with 1,25(OH)2 vitamin D3 (10 nM) for
N≥4; ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001). (E) Wild-type (wt) Caco-2 cells and cells transfected
aR vector were stained with monoclonal anti-CaR antibody and imaged at identical
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To quantify the acute effects of the different treatments on TER,
monolayers were mounted in the Ussing chamber system and treated
in the same way as for the ﬂux measurements although without the
addition of radioisotope. The transepithelial potential difference was
held under voltage clamp and switched from zero to 5 mV for 5 s in
every 30 s. TER was calculated from the voltage clamp current, using
Ohm's Law, and averaged over 10-min periods.
2.5. Immunocytochemistry
Immunocytochemistry was performed as described previously
[10] using anti-CaR monoclonal antibody (ADD; Afﬁnity Biorea-
gents, Golden, CO), and donkey anti-mouse secondary antibody
conjugated with Alexa594 (Molecular Probes). Brieﬂy, cells were
ﬁxed with 10% (w/v) paraformaldehyde solution and permeabilized
with 0.075% (w/v) saponin in PBS. Immunoﬂuorescence was
examined using a Zeiss Axioplan 2 ﬂuorescence microscope (40X
objective) with images acquired using a Hamamatsu digital camera,
with each sample imaged under identical exposure conditions.
Images were processed using the software package KS300 version
3.0 (Carl Zeiss Ltd, Hertfordshire, U.K.).Fig. 2. Effects of divalent cations on calcium transport across Caco-2 monolayers. Cumulati
experiment), apparent Ca2+ permeabilities (panels ii) and TER (panels iii) measured in Caco
applied: (A) a further 0.8 mM Ca2+ added bilaterally (1.6 mM ﬁnal, N=9); (B) an additional 5 m
the basolateral side only (3 mM, N=5). Panels ii: ⁎Pb0.05 and ⁎⁎Pb0.01 by Student’s paire
repeated measures.2.6. Statistical analysis
Data are presented as means±S.E.M and statistical signiﬁcance was
determined either by one-way ANOVA (repeated measures with Tukey
Post-Hoc test) or by paired or unpaired t-test as appropriate using
GraphPad Prism software (Version 4.03; San Diego, CA).
3. Results
Unidirectional ﬂuxes of 45Ca2+ tracer across differentiated Caco-2
monolayers were measured under zero-voltage clamp in order to
evaluate the active and passive components of Ca2+ transport. The
cells were initially exposed to a Cao2+ concentration of 0.8 mM, which
would not be expected to stimulate the CaR [11]. Fluxes in both
directions were sustained during the 30min sampling period (Fig.1A).
Because Cao2+ concentrations were sometimes varied in these experi-
ments, the unidirectional and net ﬂuxes are presented as apparent
permeability values in Fig. 1B and in subsequent ﬁgures. Under control
conditions, the apical to basolateral (A→B) value exceeded the
basolateral to apical (B→A) value by 12% (Pb0.01; Fig. 1B). Since the
passive component of the unidirectional ﬂuxes would be the same in
both directions under the conditions of these experiments (equal Ca2+
concentrations and zero transepithelial potential difference) thisve unidirectional Ca2+ ﬂuxes (panels i; A→B, black line; B→A, grey line; representative
-2 monolayers as described in Fig. 1. After 30 min, one of the following treatments was
MMg2+ on the basolateral side only (6 mM ﬁnal, N=4); (C) an additional 2 mMMg2+ on
d t test. Panels iii: ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001, NS not signiﬁcant, by one-way ANOVA with
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transport in the apical to basolateral direction. Fig.1C shows that there
was no signiﬁcant change in the TER of the monolayers over the
course of these experiments.
To conﬁrm that active calcium transport was detectable in this
preparation, Caco-2 monolayers were exposed to 10 nM 1,25(OH)2D3
for 48 h prior to the measurement of the Ca2+ ﬂuxes. As expected from
previous studies [12] the treated monolayers exhibited an increase in
active Ca2+ transport compared with the untreated controls (Fig. 1D,
Pb0.001). As a further check, the temperature of the system was
reduced from 37 °C to room temperature (25 °C) in order to reduce the
contribution of active transport processes, which should be steeply
temperature dependent. This had the expected effect of lowering the
unidirectional Ca2+ ﬂuxes (Fig. 1D) and the absence of any net ﬂux
under these conditions supports our conclusion that the small net ﬂux
observed at 37 °C is indeed due to active Ca2+ transport. Whilst
previous studies have already demonstrated endogenous CaR expres-
sion in Caco-2 cells [7,8], the presence of CaR immunoreactivity in
wild-type Caco-2 cells was demonstrated here by immunoﬂuores-
cence (Fig. 1E). Anti-CaR immunoreactivity was detected either on or
at the plasma membrane of the wild-type cells. This membrane-
localized CaR-reactive staining was enhanced following transient
transfection with human CaR suggesting that the signal in wild-type
cells was indeed endogenous CaR.
To examine the effect of raising the Cao2+ concentration to a level
that would activate the CaR, the Cao2+ concentration in the bath
solution was increased to 1.6 mM after a 30-min incubation in
0.8 mM Ca2+ (Fig. 2A). The increase was applied to both sides of the
epithelium to avoid creating a transepithelial Ca2+ concentration
gradient. As expected, both unidirectional Ca2+ ﬂuxes increasedFig. 3. Effects of activation and allostericmodulation of CaR on calcium transport across Caco-
grey line; representative experiment), apparent Ca2+ permeabilities (panels ii) and TER (pan
spermine (A; N=3) or 1 μMNPS R-467 (B; N=4) was added to the basolateral side. NS, not sig
measures).initially, as a result of the doubling of the total Cao2+ concentration,
but then declined to a lower steady-state level. When expressed as
apparent Ca2+ permeabilities, the unidirectional ﬂuxes over the 40–
60 min time period were signiﬁcantly reduced as compared with
the preceding 0–30 min control period (Fig. 2A). This effect was
comparable in both directions with a 12% reduction in the A→B
direction and a 16% reduction in the B→A direction. This correlated
with a concomitant 12% increase in TER (Fig. 2Aiii), which would be
indicative of a general reduction in tight junction permeability. In
contrast, the active portion of the A→B Ca2+ ﬂux remained
unchanged.
Another divalent cation that acts as an orthosteric agonist of the
CaR is Mg2+ [5]. We therefore investigated the effect of raising the
basolateral Mgo2+ concentration on the unidirectional ﬂuxes of Ca2+.
When the Mgo2+ concentration was raised from 1 mM to 6 mM at
30 min there was a signiﬁcant decrease in Ca2+ transport in both
directions and a corresponding increase in TER (Fig. 2B). In contrast
to Cao2+, which affected both unidirectional Ca2+ ﬂuxes equally,
6 mM Mgo2+ reduced the A→B permeability (by 0.52±0.06×10−6 cm
s−1) to a greater extent than the B→A permeability (reduced by
0.28±0.02; Pb0.05, N=4). From this we conclude that addition of
5 mM Mgo2+ partially inhibits active Ca2+ transport. Raising the
basolateral Mg2+ concentration by a smaller amount (+2 mM) also
reduced the apparent Ca2+ permeability with a concomitant rise in
TER (Fig. 2C).
To determine whether or not the effects of the divalent cations
on TER and Ca2+ permeability were mediated by the CaR we next
tested the effects of the CaR agonist spermine [13] and a positive
allosteric modulator of the CaR, NPS R-467, and its inactive
enantiomer, NPS S-467 [14]. For these experiments the basal Cao2+2monolayers. Cumulative unidirectional calcium ﬂuxes (panels i; A→B, black line; B→A,
els iii) measured in Caco-2 monolayers as described in Fig. 1. After 30 min, either 1 mM
niﬁcant (panels ii by Student’s paired t test; panels iii by one-way ANOVAwith repeated
Fig. 4. Effects of increasing divalent cation concentrations on the TER of Caco-2 monolayers. TER values of Caco-2 monolayers in the presence of increasing concentrations of Cao2+ (A)
and Mgo2+ (B). Initial measurements were taken under control conditions for 20 min then Cao2+ and Mgo2+ concentrations were increased every 20 min thereafter as indicated. TER
values were measured at 30 s intervals and averaged over 10 min periods (Panel i). The same control data are shown in both Ai and Bi. ⁎Pb0.05, ⁎⁎Pb0.01 by one-way ANOVA with
repeated measures with Dunnett post-hoc test (N=4 from independent experiments). Panel ii shows a representative 20 min portion of a single experiment to show the rapid nature
of the TER increase following the rise in divalent cation concentration.
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activation of the CaR. None of these treatments exerted any
signiﬁcant effect on active Ca2+ transport or on the passive Ca2+
permeability and TER (Fig. 3; NPS S-467 not shown). We thereforeFig. 5. Effect of chronic extracellular calcium treatment on calcium transport across Caco-2 m
1mMCaCl2 added to the culturemedium and comparedwith untreated controls. (A) TERmea
measured after the 48 h treatment period. ⁎Pb0.05, ⁎⁎⁎Pb0.001 (N=3–7 from a minimumconclude that the effects of elevated Cao2+ and Mgo2+ concentrations
noted above were probably not mediated by the CaR.
Following the signiﬁcant increase in TER that was observed when
Cao2+ and Mgo2+ concentrations were raised, we examined the effects ofonolayers. Monolayers were treated for 48 h with 1,25(OH)2 vitamin D3 (10 nM) or with
sured before (black bar) and after treatment (grey bar). (B) apparent Ca2+ permeabilities
of three independent experiments).
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both sides of the epithelium, from 0.8 mM (baseline) to 1.6 mM (the
concentration used during the Ca2+ transport studies), caused a
signiﬁcant increase in TER within 10 min (Fig. 4A; Pb0.05) and this
was sustained over the following 10 min. Additional increases in Cao2+
concentration to 2.4 mM and 3.2 mM caused further signiﬁcant
increases in TER (Pb0.01). In contrast, only a relatively large increase
in basolateral Mgo2+ concentration, from 1 to 6 mM, caused any
signiﬁcant increase in monolayer TER (Fig. 4B; Pb0.01).
Finally, to investigate the chronic effects of elevated Cao2+ on
basal Ca2+ transport, Caco-2 monolayers were exposed bilaterally
for 48 h to MEM medium supplemented with 1 mM Ca2+ to give a
total concentration of 2.8 mM. Monolayers thus treated were
compared with controls that had been exposed simply to a regular
medium change or treated with 10 nM 1,25(OH)2D3 to stimulate
active Ca2+ transport. TER measurements were taken both before
and after the treatments, revealing no change in the control Caco-2
monolayers. However, the cells exposed to 10 nM 1,25(OH)2D3
showed a signiﬁcant drop in TER (Pb0.05) whilst a 1 mM increase
in Cao2+ concentration increased TER signiﬁcantly (Pb0.001; Fig. 5A).
Unidirectional ﬂuxes measured in these experiments showed the
expected increase in active apical-to-basolateral Ca2+ transport
following treatment with 1,25(OH)2 D3 but no signiﬁcant effect of
chronic exposure to elevated Cao2+ concentration (Fig. 5B).
4. Discussion
The aim of the study was to investigate whether a local feedback
mechanism exists at the intestinal basolateral surface which could act
to limit excessive Ca2+ absorption by modulating either active
transcellular transport or the passive paracellular ﬂux. We have
demonstrated that modest increases in Cao2+ or Mgo2+ concentrations
elevate the TER of differentiated Caco-2 monolayers and reduce Ca2+
permeability signiﬁcantly.
Initial characterization found that well-differentiated Caco-2
monolayers, assayed 21 days after seeding, exhibit both active and
passive Ca2+ transport in the apical to basolateral direction and passive
transport in the basolateral to apical direction in agreement with
previous studies [12,15]. The validity of this cell model was supported
further by the evidence that 1,25(OH)2 vitamin D3 treatment increased
active Ca2+ transport while lowering the buffer temperature from 37 °
to 25 °C reduced active transport. Overall, the Caco-2 monolayer TER
measurements were very similar to those observed in two other
laboratories [16,17], though at least half of those reported in a further
two [12,18].
Increasing the Cao2+ concentration on both sides of the Caco-2
monolayer by as little as 0.8 mM signiﬁcantly reduced the unidirec-
tional Ca2+ ﬂuxes equally in both directions, indicating that the passive
Ca2+ permeability was reduced. This decrease in Ca2+ permeability
most likely correlates with the concomitant rise in monolayer TER.
Basolateral addition of Mgo2+, at a concentration sufﬁcient to activate
CaR [11], increased TER and inhibited Ca2+ permeability but also
inhibited apical to basolateral Ca2+ transport more potently than
transport in the basolateral to apical direction. This indicates that
under these conditions, Mg2+ can inhibit both active and passive Ca2+
transport. However, the effect of a lower concentration of Mgo2+
(3 mM) on Ca2+ transport was limited to the passive rather than active
pathway.
Since neither spermine nor the positive CaR allosteric modulator
NPS R-467 mimicked the effects of Cao2+ and Mgo2+ on Caco-2
monolayer TER/Ca2+ transport, we believe that these divalent cation
responses occur independently of CaR. The calcimimetic, NPS R-467 is
well characterized as a potent and selective modulator of CaR [14] and
we also employed its less potent stereoisomer NPS S-467 for control
purposes. The simplest explanation of these data is that while the
divalent cations Cao2+ and Mgo2+ raise monolayer TER and reducepassive Ca2+ permeability they are unlikely to be acting via CaR
activation.
How these divalent cations alter passive Ca2+ permeability
remains unresolved although a direct effect on the tight junctions
would appear likely. In this regard, the effect of Cao2+ removal on
the TER of Caco-2 monolayers has previously been investigated. Ma
et al. [17] observed a reversible decrease in Caco-2 TER following
the complete removal of Cao2+ (0 mM Cao2+ and 1 mM EGTA vs
1.8 mM Cao2+ control) with an accompanying increase in monolayer
permeability to the paracellular markers mannitol and inulin. This
study demonstrated that the reduction in TER following the
removal of Cao2+ was due to the separation of the tight junction
proteins, ZO-1 and occludin and the formation of large intercellular
openings between the adjoining cells. Cao2+ depletion causes rapid
disassembly of the apical junctional complex in intestinal epithelial
cells accompanied by reorganization of perijunctional F-actin
bundles into centrally located ring-like structures [18]. Further-
more, Cao2+ depletion can be attenuated by inhibition of the rho/rho
kinase pathway [19] indicating that it is a regulated rather than
passive response. Whilst complete removal of Cao2+ elicits a
dramatic all-or-nothing response [17,18], smaller changes in Cao2+
concentration could have dose-dependent effects, as suggested in
the current study. If true in vivo, then the changing Cao2+
concentrations seen during Ca2+ absorption could possibly con-
tribute to the dynamic regulation of intestinal tight junction
permeability and thus it will be necessary to examine this in
intestine next.
Alternatively, the effects of elevated Cao2+ and Mgo2+ concentra-
tions could arise through physical interactions within the tight
junction permeability channels resulting in interference with the
paracellular movements of other ions. For example, exposing the
apical surface of MDCK cells to 5 mM Ca2+ has been shown to cause
a signiﬁcant increase in TER, mainly as a result of competition
between Na+ and Ca2+ rather than blockage of the channels [20]. On
the other hand, the same study found no such effect of Ca2+ on T84
intestinal cells which are derived from Caco-2 cells.
Due to the nature of the Ca2+ ﬂux studies it was only possible for us
to measure TER immediately before and after the 30 min treatment
period. Thus, to clarify further the time course of the permeability
changes to Cao2+ and Mgo2+, we performed experiments where TER
measurements were made every 30 s. By this method, we established
that the Cao2+-induced increase in TER occurred within minutes and in
a dose-dependent manner. However, Mgo2+ was not as potent at
increasing TER; only an increase to 6 mM Mg2+ induced a signiﬁcant
rise in TER. This is in contrast to the Ca2+ transport studies where
3 mM Mgo2+ also signiﬁcantly increased monolayer TER.
Having failed to detect any acute inhibitory effect of Cao2+ on
active Ca2+ transport we also failed to detect a chronic effect of
raised Cao2+ concentration, suggesting that no chronic adaptive
change occurs in the epithelium in direct response to Cao2+. However,
a rise in TER was still evident even after this chronic treatment. In
contrast, a 48-h treatment with 1,25(OH)2 vitamin D3, used here as a
positive control, caused a reduction in TER as well as the expected
increase in active Ca2+ transport [12,21]. The reduced TER was
consistent with the ﬁndings of Chirayath et al. [21] but in contrast to
the ﬁndings of two other studies of Caco-2 cell monolayers in which
1,25(OH)2 vitamin D3 either increased TER [22] or was without effect
[12].
Endogenous CaR expression has been shown clearly in Caco-2
cells [7,8] and rat colon epithelial cells [23] and conﬁrmed here
(Fig. 2B). However, despite its presence we found little evidence to
support the idea that the CaR directly regulates Ca2+ absorption.
Whilst a 5 mM increase in Mgo2+ concentration did suppress active
Ca2+ transport, indicative of a CaR-elicited response, this was not
mimicked by either spermine, NPS-R467 or a +0.8 mM increase in
Cao2+. In contrast, there is evidence that in colonic myoﬁbroblasts,
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protein (BMP)-2 transcription and secretion [24], and that the CaR
modulates ﬂuid secretion in rat colonic crypts [23,25]. In the
stomach, the CaR regulates gastrin and gastric acid secretion
[26,27] and has even been linked to changes in colonic cell
proliferation and differentiation [28]. With regards the ability of
6 mM Mgo2+ to suppress the active, transcellular component of Ca2+
transport, we note that a similar observation was made using rat
jejunum [2]. Thus despite Mg2+ being a CaR agonist, the simplest
explanation of the current data is that the Mgo2+ effect does not result
from CaR activation. Furthermore, the lack of an effect of NPS-R467
on Ca2+ transport here would tend to suggest that any clinical fall in
blood Ca2+ concentration observed following calcimimetic treatment
is unlikely to result from decreased Ca2+ absorption due to intestinal
CaR activation. Instead, the calciotropic effect of calcimimetic
treatment may be limited to suppression of PTH secretion from the
parathyroid gland [14].
In conclusion, relatively small increases in the concentrations of
Cao2+ and Mgo2+ were effective in raising TER and thereby suppressing
Ca2+ transport across Caco-2 monolayers. Such responses could
provide a useful feedback mechanism to help prevent excessive Ca2+
absorption on short time-scales. Therefore, it will now be necessary to
conﬁrmwhether these divalent cations effects can also be observed in
vivo and if so, to investigate the cellular inhibitory mechanisms by
which they act.
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